We demonstrate a procedure for determining the configuration of a tension leg platform (TLP) on which a 2.4 MW wind turbine can be installed. Various sizes of the structural elements of the TLP are examined to investigate their effects on tendon tension and response acceleration at the top of the tower. It is shown that although increasing the volume of the peripheral column reduces the acceleration response, it amplifies the tendon tension, while increasing the span length between the center and peripheral columns reduces both of them. Furthermore, the relevant determination of the initial tension is investigated.
Introduction
We have developed semisubmersible-type floating structures for offshore wind turbine systems (1) (2) . These structures have shown good performance as base floaters for offshore wind turbine systems. A variety that is suitable for wind turbine systems is the tension leg platform (TLP) (3) (4) . Because the TLP exhibits moderate wave-induced motion, especially for roll and pitch, it can be considered its dynamic characteristics accommodate to install an onshore wind turbine with minimum modification. Among the parameters involved in the design of a TLP, relevant initial tension must be imposed to prevent the loosening of tension in its tendons, which causes impact stress due to snap loading. Here we present an initial determination methodology for the optimum configuration of a TLP for an offshore wind turbine that satisfies the requirements of both structural safety under storm conditions and serviceability under cut-out wind conditions. Figures 1 and 2 show a model of a TLP. Its structure resists external excitations with three tendon legs, each consisting of double high-strength steel cables (cross-sectional area
Structure of the TLP

Analytical Method
The numerical model is based on the combination of Morison forces and diffraction forces by McCamy-Fuchs (5) and is solved in the frequency domain. As the effect of the drag force on the member of the TLP is dominant, the drag force is incorporated by reflecting its nonlinear effect in a linearized manner (1) . The external forces are assumed to be collinear wind, waves, and current, where the maximum wind and mean current loads are modeled as steady forces. Values of the maximum wind load acting on the wind turbine were supplied by the manufacturer. The TLP is modeled as a rigid body having six degrees of freedom, with the moorings represented as translational linear springs. In this analysis, the moorings are assumed to be taut and the effects of the current and wave forces on them are neglected.
Determination of the tendon tension is illustrated in Fig. 3 . At the beginning of the analysis, the TLP is balanced with initial tension T 0 in an initial hydrostatic equilibrium position. Next, a steady-state equilibrium position where the floating body is balanced with the steady forces is determined and the consequent tendon tension in the position is defined as the steady tension T steady . Finally, the maximum and minimum tendon tensions in a dynamic equilibrium state are approximated as follows:
where T 1/3 is the significant value of the tendon tension = 2σ T . σ T is the standard deviation of the dynamic tension T, which is calculated following linearized tension as 
Journal of Fluid Science and Technology
where k is the stiffness of the tendon k = EA/l 0 ; l 0 is initial length of a tendon; (n x , n y , n z ) are the directional cosines at the steady-state balanced position; and (∆x, ∆y, ∆z) are the displacements, which are the deviations from the steady-state balanced position. α is the ratio of the most frequent value of the maximum tension to its significant value, which is discussed in section 4.1. If the minimum tension is less than zero, the tendon is in a state of slack. When the tendon is returning to taut from being slack, a large snap impact load occurs. To avoid this situation, a certain amount of initial tension must be appropriately introduced.
The TLP is assumed to be located in a region several kilometers offshore in the Pacific Ocean of Japan. Table 1 shows the wind turbine and metocean conditions. Irregular wave motions are analyzed in the calculation by assigning the Bretschneider-Mitsuyasu (6) wave spectrum (Fig. 4) . 
Results
Dynamic characteristics of TLP
In Fig. 5 , the frequency response functions of the TLP model are illustrated for sway, heave, and roll motions. The peak response for each direction was found to have been successfully designed to be located far beyond the significant wave period where a large content of wave energy is included. Furthermore, the peaks become broader as wind speed increases due to the damping that arises from drag forces.
Because the natural periods of the TLP are longer than the significant wave period, the motion of the TLP will be compliant to wave motion. Thus, dynamic tension can also be assumed to be compliant to wave motion. According to the Rayleigh distribution, α = 1.8
corresponds to the ratio of the most frequent value of the maximum value to the significant value during approximately 3 h. 
Variation of tension in a tendon with the direction of forces
Tension in a tendon varies with the direction of the external forces. Figure 6 shows the tension variation for tendon No. 1 against wind direction with the other forces in various combinations ( Table 2) . For all cases listed in Table 2 , the maximum tension occurs at θ = -90°, whereas the minimum occurs at θ = +90°. As the values of the other tendons are identical to this in point symmetry with an angle of ±120°, the following studies are represented by tendon No. 1. Figure 7 demonstrates the dependencies of the maximum and minimum tensions on the initial tension T 0 . In the figure, the abscissa demonstrates initial tension as ΣT 0 /displacement which expresses a ratio of sum of them to displacement of the TLP. In this figure, only two representative lines that correspond to wind directions θ = -90° and +90° are shown as the lines for the other wind directions are bounded by these two lines. Both of them are nearly proportional to the displacement and are parallel to the initial tension, which is expressed by the inclined dashed line in the figure, i.e., the dynamic component of the tensions has little dependence on the initial tension. Hence, to design a tendon to ensure its safety for all directions, i.e., to prevent a cable failure from either maximum load or a loosening of tension, an initial tension T 0 should be introduced where T 0min ≤ T 0 ≤ T 0max . Here, T 0max and T 0min are initial tensions for which the maximum line coincides with T f /γ s and the minimum line coincides with zero tension, respectively, where γ s is a safety factor for the failure load of a tendon. In DNV-OS-E301 (7) , a partial safety factor for the moorings under the ultimate limit state condition, 2.5 is specified. In this study, γ s =3 is assumed. In the figure, the shaded area is the design-possible area with the following condition:
Determination of initial tension
That is, the initial tension cannot be specified arbitrarily. If a combination of L, D p , and H p fulfils this condition, where D p and H p are the diameter and height of the peripheral column, respectively, and L is the distance between the central and peripheral columns (see Fig. 2 ), a design situation that is based on this selection is structurally valid. In this example, the possible initial tension is limited to within 30% to 40% of the displacement of a floating body. If the tension is further amplified, this area becomes narrower and ultimately vanishes. In such a case, the relevant strength of the tendon cable, i.e., a higher-grade cable, should be selected. This, however, would be achieved with a trade-off in cost. 
Effect of the configuration of the TLP on the tension
Next, the effect of the dimensions of the structural elements, i.e., D p , H p , and L, on the tendon tension is investigated. Here, the draft is kept constant. From Figs. 8 and 9, the maximum (minimum) tension increases (decreases) with increasing D p and H p . Meanwhile, from Fig. 10 , they decrease (increase) with increasing L. That is, an increase in volume of the peripheral column as well as a decrease in the span length leads T 0max -T 0min to decrease, limiting the possible choice of the initial tension. 
Acceleration at the cut-out wind speed
Using the above procedure, the 27 combinations listed in Table 3 were examined. It was found that no combination that includes L = 20 m is design possible. Even L = 30 m, No. 18, in which D p and H p are the largest among the combinations, is not design possible.
For the remaining 17 design-possible cases, an initial tension was specified equal to the mid-value of the design-possible area, i.e., T 0 = (T 0max + T 0min )/2, as listed in Table 3 . However, in this study, since a safety factor of γ s = 3 is already considered for the upper bound of the tension, it may also be reasonable to set the initial tension at the larger side of the design-possible area, i.e., T 0 = T 0max , in order to achieve a larger margin for the lower bound.
Finally, among the selected candidates, combinations that satisfied the allowable horizontal acceleration of 0.2 G (8) were chosen as the final selections that provide for both structural safety and serviceability. Figure 11 to 13 plot the maximum acceleration at the top of the tower (at hub height) which is defined as 1.8 times the significant value of the acceleration. Acceleration was found to decrease with an increase in any of D p , H p , or L. In Fig. 14, the maximum accelerations are plotted against the displacement of the TLP. A trade-off between the acceleration and displacement is observed in which low acceleration needs large displacement, which might be in proportion to the cost of the structure. In Fig.  15 , the total initial tension is shown as a function of displacement. The range of possible initial tensions is from 34% to 50% for L = 30 m and from 23% to 55% for L = 40 m, thus it is found to become wider with increasing span length. In Fig.15 , results are classified into two groups, i.e. H p =6, 12m and H p =23m, where the peripheral columns of the former are submersible whereas the latter is semi-submersible. From the regression lines for these groups, it can be concluded that regardless of the size of the span length and diameter of the peripheral column, T 0 =2548(kN) and T 0 =2279 (kN) are reasonable estimates for the TLP with submersible peripheral columns and semi-submersible columns, respectively. 
Conclusions
A preliminary study toward the optimum design of a TLP for an offshore wind turbine was performed primarily with respect to the determination of the initial tension and configuration. The main findings are summarized as follows:
(1) Tendon tension becomes maximum at a wind direction of -90° and minimum at +90° when the wind, waves, and current are collinear.
(2) Possible choice of the initial tension extends with decreasing volume of the peripheral column, and with increasing span length between the center and peripheral columns.
(3) The maximum acceleration at hub height decreases with any increase in the volume of the peripheral column or in the span length between the center and peripheral columns. 
